Abstract: Despite the popularity of anterior cruciate ligament (ACL) reconstruction procedures, the ideal graft for reconstruction remains a matter of controversy. The ideal graft for ACL reconstruction should have histologic and biomechanical characteristics similar to those of the native ACL; should be quickly and fully incorporated within the bony tunnels; should maintain its viscoelastic properties for a long time; should have minimal donor-site morbidity; should be of sufficient length and diameter; should have minimal adverse effects on the extensor mechanism; should have no risk of rejection or disease transmission; and should be cost-effective and readily available. Synthetic grafts are not widely accepted because of their dangerous complications. The main sources of grafts for ACL reconstruction are allografts and autografts. Each type of graft has its own relative advantages and disadvantages. Allografts are not available in every country, besides being expensive, and there are many concerns regarding disease transmission. Autografts, particularly boneepatellar tendonebone (BPTB), and hamstring tendon grafts have been the standard for ACL reconstruction. The main advantage of autogenous BPTB grafts is the direct bone-to-bone healing in the tunnel, whereas the main disadvantages of such grafts are related to donor-site morbidity, anterior knee pain, and extensor mechanism dysfunction. The popularity of autogenous hamstring tendon grafts for ACL reconstruction is increasing, but there are still concerns regarding the slow soft tissueetoebone healing, with delayed healing and incorporation of the graft. We describe a technique for ACL reconstruction with autogenous hamstring-bone graft, aiming to produce a type of graft that combines the main advantages of BPTB and hamstring grafts, with avoidance of the main disadvantages of these 2 most commonly used graft types in ACL reconstruction.
A nterior cruciate ligament (ACL) reconstruction is a common surgical procedure performed by orthopaedic surgeons. It is considered the sixth most common orthopaedic procedure in orthopaedic surgery, with approximately 125,000 cases performed annually in the United States. 1, 2 The aim of ACL reconstruction is to restore normal knee stability especially in sports activities that require cutting and pivoting motions, as well as to protect the knee cartilage and menisci against subsequent injury and development of knee arthritis. 3 Despite the popularity of the procedure, the ideal graft for reconstruction remains a matter of controversy. The ideal graft for ACL reconstruction should have histologic and biomechanical characteristics similar to those of the native ACL; should be quickly and fully incorporated within the bony tunnels; should maintain its viscoelastic properties for a long time; should have minimal donor-site morbidity; should be of sufficient length and diameter; should have minimal adverse effects on the extensor mechanism; should have no risk of rejection or disease transmission; and should be cost-effective and readily available. [4] [5] [6] Many factors, such as patient age, patient activity level, patient occupation, isolated versus multiligament knee instability, graft availability, patient surgical history, existing tendinopathy, and surgeon experience and preference, should be considered and discussed with the patient before ACL reconstruction. 7 The use of synthetic ligament substitutes has been attempted to develop an ideal graft without donor-site morbidity, with proper mechanical strength, and without any risk of disease transmission. Unfortunately, a high rate of complications was associated with the use of these synthetic substitutes, making their use not widely accepted. 8, 9 Currently, the main sources of grafts for ACL reconstruction are autografts and allografts. Boneepatellar tendonebone (BPTB), hamstring tendon, and quadriceps tendonebone grafts are the most common autograft choices, whereas BPTB, hamstring tendon, tibialis anterior, tibialis posterior, and Achilles tendon grafts are the most common allograft choices. Each type of graft has its own relative advantages and disadvantages.
We describe a technique for ACL reconstruction using autogenous hamstring-bone graft. This type of graft is superior to the traditional hamstring graft because the bone attached to one side of the graft will accelerate its incorporation in the bony tunnels with direct bone-tobone healing; in addition, it avoids tunnel widening, which is a common disadvantage encountered with traditional hamstring tendon grafts.
Surgical Technique
This article describes the step-by-step autogenous hamstring-bone graft harvest and preparation for anatomic single-bundle ACL reconstruction (Video 1). A comparison between allografts and autografts is shown in Table 1. The biomechanical properties of  different grafts available for ACL reconstruction are  shown in Table 2 . The advantages and disadvantages of different types of available autogenous grafts in ACL reconstruction are shown in Table 3 . The advantages and limitations of the hamstring-bone graft technique are summarized in Table 4 .
Patient Position and Surgical Landmarks
After induction of anesthesia, the patient is placed in the supine position. Landmarks for arthroscopic work are drawn. The patient is examined under anesthesia. A high-thigh, nonsterile padded tourniquet is then applied. The patient is prepared and draped in the usual manner.
Graft Harvesting and Preparation
While the patient is supine, the limb is placed in the figure-of-4 position. A small incision (2-3 cm) is made at the medial aspect of the proximal tibia. The semitendinosus and gracilis tendons are identified after the sartorial fascia is incised. The 2 tendons are harvested with an open-type stripper (Arthrex, Naples, FL). The 2 tendons are released from their proximal muscular attachment, whereas their distal tibial attachment is left intact (Fig 1 A and B) . The superficial medial collateral ligament is identified (Fig 1C) . The periosteum at the attachment bed of the semitendinosus and gracilis tendons to the proximal tibia is also identified (Fig 1D) . An electrocautery device is used to mark the bone on the proximal tibial cortex between the superficial medial collateral ligament and the periosteum of the bed of the distal tibial attachment of the hamstring (Fig 1E) . The site at which bone cutting will begin is marked with an osteotome (Fig 1F) .
Creation of the bone shell is started by making the horizontal and vertical edges of the shell with an osteotome (Fig 2 A and B) . Advancement in creating the bone shell is performed with an osteotome. The osteotome is directed from proximal to distal in line with the direction of the hamstring tendons while an assistant pulls the tendons medially and distally. The osteotome is directed away from the tibial tuberosity. At all times, the osteotome is applied tangentially to the proximal-medial tibial cortex to avoid unnecessary deepening of the bone cut (Fig 2C) . With the help of a scalpel blade, the distal release of the hamstring-bone construct is finished by cutting its soft-tissue attachment to the bone while the tendons are pulled laterally by an assistant (Fig 2D) .
The muscle fibers are removed from the tendons (Fig 3A) . The length of the tendons and dimensions of the bone shell are determined (Fig 3 B-D) . The 2 hamstring tendons (semitendinosus and gracilis) are connected at different sites with No. 1 Vicryl stitches (Ethicon, Somerville, NJ) ( Fig 4A) . The edges of the bone shell are trimmed (Fig 4B) .
A K-wire is used to drill multiple holes in the bone shell ( Fig 5A) . Ethibond (Ethicon) strands are passed through these holes to stabilize the bone shell to the tendons and periosteum. In addition, the Ethibond strands facilitate manipulation of the bone shell while preparing the graft (Fig 5 B and C) .
The hamstring tendons are tripled to obtain a 6-strand hamstring-bone construct. The bone shell is positioned in the graft construct in a way that allows for exposure of most of its cancellous surface to the tubular tunnel walls to enhance bone-to-bone healing ( Fig 6A) . The 6 strands are connected with running sutures with No. 1 Vicryl. The graft diameter is measured. The bone shell is then broken while maintaining its natural connection with the soft tissue. Breaking the bone shell facilitates passage of the graft into the tubular tunnel and increases the contact surface area between the cancellous face of the bone shell and the tubular walls of the bony tunnel ( Fig 6B) . The diameter of the graft on the bone shell side is then determined.
Arthroscopic ACL Reconstruction
Three arthroscopic portals are created: a high anterolateral portal, a high anteromedial portal, and an accessory anteromedial portal. Routine knee arthroscopy is performed. Any chondral or meniscal pathology is managed. 
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A tibial guide pin is inserted in the anatomic tibial footprint of the ACL by using a tip aimer ACL tibial guide (Acufex; Smith & Nephew, Andover, MA). The anatomic femoral ACL attachment point is determined. The femoral tunnel is created in an outside-in manner with a drill bit of the same diameter as the graft. Then, the tibial There is low donor-site morbidity in comparison with BPTB graft. The technique allows faster and stronger (bone-to-bone) healing in comparison with the traditional hamstring tendon graft with slower (soft tissue to bone) healing. The graft is biomechanically strong: The tripled 6-strand preparation of the graft produces a strong graft with a large cross-sectional area and a graft diameter >9 mm.
The technique is not suitable for skeletally immature patients for fear of development of a cross bar at the physis. This is a limitation of all types of bone-tendon graft preparations, and it is not specific for this type of graft preparation. The technique does not afford the advantage of bone-to-bone healing on both sides of the graft. This limitation can be overcome in the preparation of the graft in a future work. Perfect tubularization of the graft on the bone shell side can be refined in a future work.
The technique is more biological given that the natural continuity between the bone shell and the tendons is preserved. The technique is cost-effective. In contrast to the single-strand patellar tendon graft, the nonisometric characteristic of the native ACL is reproduced. Tibial fixation can rely only on the larger size of the graft on the bone shell side and thus can be achieved without any implants. There are no concerns regarding graftetunnel length mismatch.
ACL, anterior cruciate ligament; BPTB, boneepatellar tendonebone. 
) (E)
The tibial cortex is marked with an electrocautery device to define the site at which bone cutting will begin. (F) The tibial cortex is marked with an osteotome to define the site at which bone cutting will begin. tunnel is created using a drill bit of the same diameter as the graft. The tibial tunnel is enlarged for a distance of about 15 to 20 mm with a drill bit of the same diameter as the graft on the bone shell side; this allows for press-fit fixation of the graft on the tibial side. A wire loop is used to shuttle the Ethibond traction sutures for graft passage (Fig 7A) . The graft is fixed on the tibial side with the press-fit technique; bio-screws or staples can be used as another method of fixation (Fig 7B) .
A drain is inserted into the joint and into the graft harvest incision for 24 hours. For hemostasis, bone wax is applied to the raw area at the bed of the bone shell (Fig 7C) . The wounds are closed, and an ice bag is applied around the knee.
Discussion
Allografts have been widely used in ACL reconstruction with acceptable outcomes. 15, 16 The main advantages offered by allografts are that there is no donor-site morbidity, with less subsequent postoperative and long-term pain; the operative time is decreased; a better cosmetic appearance is achieved; there is no functional impairment; and there are a large variety of graft sizes and shapes. [15] [16] [17] [18] There are many disadvantages and limitations with the use of allografts, including that they are expensive; there are concerns about disease transmission (e.g. hepatitis and human immunodeficiency virus); there are healing concerns; their long-term viability is not clear; there are concerns about immune response and rejection; their availability is limited; and there are ethical and religious concerns [19] [20] [21] [22] [23] (Table 1) . Autografts, particularly BPTB, hamstring tendon, and quadriceps tendonebone grafts, have been the standard for ACL reconstruction. 24 The advantages of autografts over allografts are as follows: Autografts heal more quickly with long-term viability; they are not involved in disease transmission or initiation of the host's immune reaction; they are inexpensive; they do not require special instrumentation for preservation, they have a lower failure rate; there are fewer ethical and religious concerns 20, 21, 25, 26 ; and they have a lower infection rate. 27 The main disadvantages and limitations of autografts are their limited availability and increased operative time, as well as donor-site morbidity, with functional impairment at the donor site (e.g. muscle weakness) ( Table 1) . When one is deciding on the type of graft to use in ACL reconstruction, it is important to understand the biological healing of the graft. The incorporation process of the graft in the joint involves many phases. 4 In the first phase the graft undergoes degeneration as the fibroblasts undergo cell death and so the graft acts as a scaffold for host cell migration. The second phase (from the third week to 3-6 months postoperatively) is revascularization of the graft and fibroblast migration into the graft. During and after vascularization of the graft, a process of The graft is tripled to make a 6-strand graft, which in most cases is more than 9 mm in diameter. The bone shell is well localized in the graft such that its cancellous surface is exposed. (B) Tripled hamstring-bone graft construct after being stitched with running sutures. An instrument is used to break the bone shell to facilitate graft passage into the tunnel, as well as to increase the contact surface area of the bone shell to the walls of the tubular bone tunnel.
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ligamentization occurs as the fibroblasts lay down a matrix into the graft. 28 The final phase of graft healing is the remodeling phase, during which the collagen fibrils are arranged in a more organized pattern with improvement of the graft strength. 4 The biological characteristics at the graft insertion site are very important factors that can affect graft healing. There are 2 types of graft healing at the insertion site (femoral and tibial tunnels): bone-to-bone healing (a graft with a bone plug) and tendon-to-bone healing (soft-tissue grafts). It is widely believed that bone-tobone healing occurs with creeping substitution, which is much faster, stronger, and more reliable than the spot welds of soft tissueetoebone healing. Bone-to-bone healing of an autogenous graft occurs within 4 to 6 weeks, similar to fracture healing, whereas tendonto-bone healing of an autogenous graft occurs at 8 to 12 weeks after surgery. 4, [29] [30] [31] The magnitude of graft motion in the tunnel is inversely proportional to graft healing. Graft motion and tunnel widening are more frequently found with soft-tissue grafts. 26, [32] [33] [34] The bony insertion of the native ACL into the femur and tibia is characterized by the presence of a transitional zone that is characterized by 4 layers: ligament, fibrocartilage, mineralized fibrocartilage, and bone. The collagen fibers of the ligament extend into both the fibrocartilage and mineralized fibrocartilage. The 4 tissue types at the native ACLebone insertion exhibit an increase in stiffness from the ligament proper to bone that allows for the effective load transfer from ligament to bone, thereby minimizing stress concentration and preventing failure. This increase in stiffness is closely related to the transition in the chemical composition that is closely correlated with the concentration of calcium phosphate in tissues. The natural insertion site of the tendon preserved on the bone plug is closer in structure to the native ACL. 35 From a biomechanical point of view, many studies have reported and compared the biomechanical properties of the native ACL and those of the available grafts for reconstruction ( Table 2 ). The strength of all the available grafts is superior to that of the native ACL. All these tests were performed on the unimplanted graft, and therefore the subsequent weakening that takes place in the graft after implantation and during healing should be taken into consideration. 4 For the past few decades, patellar tendon autograft has been the gold standard for ACL reconstruction for many reasons, including the following: structural similarity to the ACL, providing of the most physiological reconstruction because of the natural insertion site of the tendon being preserved on the bone plug, bone-tobone healing with secure fixation that allows for early vigorous rehabilitation, less stretching, proper ultimate strength and stiffness of the tissues, reduced rate of rerupture, and lower incidence of tunnel widening. 6, 36, 37 The disadvantages are predominantly related to the donor site and include anterior knee pain, patellar fracture, patellar tendon tendinopathy, patellar tendon rupture, increased joint stiffness, weakness of the quadriceps, and higher incidence of thigh muscle atrophy; in addition, the use of such grafts can present technical challenges for the surgeon such as graft-tunnel mismatch 6, 38, 39 (Table 3 ). The use of hamstring tendons for ACL reconstruction has increased in popularity, with more surgeons selecting it as their graft of choice. Hamstring tendon use has the following advantages: there is less postoperative pain, less quadriceps muscle weakness, less frequent patellar tendon rupture or patellar fracture, less thigh muscle atrophy, a high load to failure and stiffness, a greater cross-sectional area of the tendon, easier passage of the graft, and a small harvest incision; graft preparation is less difficult technically than preparation of the BPTB graft; the nonisometric behavior of the intact ACL (with its anteromedial and posterolateral bundles) is more closely replicated than with a singlestranded graft; and aggressive postoperative rehabilitation is not required after hamstring tendon harvest because the strength and function of the leg are not compromised. At 3 years after hamstring harvest for ACL reconstruction, hamstring strength has been reported to be 95% of the preoperative value. 4, 6, 40, 41 Despite their increasing popularity, hamstring tendon grafts have potential limitations, such as slower soft tissueegraft tunnel healing capacity in comparison with BPTB graft, potential for tunnel widening and graft laxity, and less secure fixation to bone 42, 43 (Table 3) . Autogenous quadriceps-bone graft is used by some surgeons. It has the advantage of having a larger crosssectional area than BPTB graft; it provides a large tendinous graft with a bone plug on one side of it, allowing for bone-to-bone healing; and its ultimate tensile load is similar to that of BPTB graft. The main disadvantages include that it has the potential morbidity of disrupting the extensor mechanism, it is cosmetically less pleasant, and it does not afford the advantage of bone-to-bone healing on both sides of the graft 6, 44, 45 (Table 3 ). Many reports regarding bone harvest from the proximal tibia have shown that it is a safe procedure with very low donor-site morbidity. The medial approach would have fewer serious structures in harm's way compared with the lateral approach. 46, 47 In our technique we tried to use 6-strand hamstring tendonebone graft for ACL reconstruction. The 6-strand hamstring graft construct enables us to have a graft diameter of more than 9 mm in all cases, which is a biomechanical advantage. The hamstring tendons are released distally from the proximal tibia with a corticocancellous bone shell, so the natural attachment of these tendons to bone is left intact. In the traditional press-fit technique for ACL reconstruction, a bone plug is placed beside or within the tendons and there is no natural continuity between the bone plug and the tendons, so the problem of soft tissueetoebone healing still exists. We think that the described type of graft can combine the advantages of hamstring tendon graft, with its low donor-site morbidity as compared with BPTB graft, and the advantages of BPTB graft regarding tunnel bone-tobone healing, as well as secure graft fixation with avoidance of tunnel dilatation (Table 4) . Further modification, refinement, and instrumentation for this technique are to be considered in a future work.
